A therosclerosis is a chronic inflammatory disease of the arterial wall driven by innate and adaptive immune responses and is an intrinsic cause of heart disease and stroke worldwide.
1,2 Inflammatory leukocytes and macrophages are the predominant cells present in the atherosclerotic plaques. 3 One of the first indications of vascular complication is endothelial cell dysfunction and leukocyte infiltration. 4, 5 These events lead to the trafficking of lymphocytes and monocytes into the arteries. 5 Previous observations indicate that circulating monocytes that enter into the arterial intima were further differentiated into foamy macrophages, thereby leading to acceleration of atherosclerotic plaques. 4 Macrophage buildup within the vascular wall is a salient feature of atherosclerosis. 6 However, recent studies have upended this notion by implying that macrophage proliferation within the plaque leads to lesion macrophage buildup. 7 Macrophage scavenger receptors are thought to play an important role in atherosclerotic foam cell formation because of their ability to bind and internalize oxidized low-density lipoprotein (oxLDL). [8] [9] [10] [11] Macrophages internalize oxLDL through scavenger receptors such as CD36 and are trapped in the arterial intima. 12 The interaction between CD36 and oxLDL also induces the secretion of cytokines that recruit additional immune cells into the arterial intima, 13 and the arterial inflammation provoked by foam cells induces plaque formation, establishing atherosclerotic lesions. 12 Thrombin, a serine protease, which is involved in blood coagulation, plays a critical role in the formation of stable clots via activation of platelets and the conversion of procofactors to active cofactors, leading to cleavage of fibrinogen to fibrin. 14 Thrombin is produced at the sites of vascular injury by the interaction of tissue factor with circulating factor VII. 15 It was also reported that the expression of factors VII and X is increased in macrophages within the atherosclerotic lesions. 16 Although many studies have provided ample evidence for the role of the coagulation pathway in atherogenesis and atherothrombosis, [17] [18] [19] the mechanisms by which thrombin influences atherogenesis are unknown.
Thrombin mediates its effects via its cell surface receptors called protease-activated receptors (Pars). 20 Pars are G protein-coupled receptors that are uniquely activated by proteolytic cleavage of their N-terminal ends. 21 Emerging evidence suggests that, besides its hemostatic effects, thrombin promotes inflammation and Pars connect its bidirectional effects. 22, 23 In fact, a recent study showed that inhibition of thrombin attenuates high-fat diet-induced weight gain. 24 The presence of Pars in endothelial cells, vascular smooth muscle cells, leukocytes, and macrophages may suggest the involvement of thrombin in the pathophysiology of atherosclerosis. 20, 21, 23 Protein kinase Cs (PKCs), a serine/threonine protein kinase family of intracellular enzymes, are expressed ubiquitously in almost all types of cells. 25 Many reports have shown that thrombin activates various isoforms of PKCs in several cell types via hydrolysis of multiple phospholipids. 26, 27 In addition, it has been shown that leukocyte adhesion, monocyte differentiation, and macrophage growth leading to intimal foam cell formation were regulated, in part, through PKC activation. 28 Based on this information, we asked whether thrombin plays a role in atherogenesis and, if it does, whether it involves a PKC. Here we report that thrombin induces CD36 expression and foam cell formation, and these events require Gα12-Pyk2-Gab1-PKCθ-dependent ATF2 activation. In addition, genetic deletion of PKCθ attenuates Western diet (WD)-induced ATF2 activation, CD36 expression, and foam cell formation, resulting in reduced plaque burden in apolipoprotein E (ApoE) −/− :PKCθ −/− mice compared to ApoE −/− mice. It is interesting to note that we found that monocytes from WD-fed ApoE −/− :PKCθ −/− mice exhibit Ly6C lo phenotype with reduced CD36 expression and foam cell formation capacity as compared with those from ApoE −/− mice, which were of mainly Ly6C hi phenotype with increased CD36 expression and foam cell formation ability. Together these results infer that thrombin-mediated G protein-coupled receptor signaling plays an important role in diet-induced atherogenesis.
Clinical Perspective
What Is New?
• In addition to its essential role in platelet activation and thrombosis, in the present study, we demonstrate for the first time that thrombin-G protein-coupled receptor signaling plays a role in diet-induced atherogenesis.
• Thrombin-induced CD36 expression and foam cell formation require protease-activated receptor 1, Gα12, Pyk2, Gab1, and protein kinase Cθ-dependent ATF2 activation.
• Ly6C
hi cells appear to be the predominant inflammatory cells that take up modified low-density lipoprotein and contribute to the accumulation of lipid-laden foam cells in the development of atherosclerosis.
What Are the Clinical Implications?
• The inhibition of thrombin-G protein-coupled receptor signaling could be a promising target for the development of drugs in reducing the risk of diet-induced atherogenesis.
• Because the inhibition of protein kinase Cθ decreases atherosclerotic lesions and improves insulin sensitivity, this protein kinase C isozyme could be a potential target for the treatment of diabetes mellitus and atherosclerosis. 
Animals

Statistics
All the experiments were repeated 3 times with similar results. Data are presented as the mean±SD. The treatment effects were analyzed by 1-way or 2-way ANOVA followed by Tukey's post hoc test or Student's t test, and the P values <0.05 were considered statistically significant. In the case of EMSA, supershift EMSA, ChIP assay, foam cell, Western blotting, and immunofluorescence, 1 set of the representative data is presented.
RESULTS
Thrombin Induces CD36 Expression and Foam Cell Formation Via PAR1 Activation
The accumulation of foam cells of macrophage and smooth muscle cell origin in arteries is an important event in atherogenesis. 7, 10 Both macrophages and smooth muscle cells express specialized receptors known as scavenger receptors, which bind and endocytose modified LDL such as oxLDL and are thereby involved in foam cell formation. 11, 12 Because thrombin generation was reported in atherosclerotic arteries, 18, 29 we asked whether thrombin has any role in foam cell formation. Thrombin induced foam cell formation of RAW264.7 cells in a time-dependent manner ( Figure 1A ). Because macrophages express several scavenger receptors, including SR-A1, SR-B1, and SR-B2 (CD36), 11, 12 we studied the effects of thrombin on the expression of these receptors. Our results show that thrombin induces the expression of CD36 but not SR-A1 or SR-B1 in RAW264.7 cells ( Figure 1B ). Based on these results, we examined the role of CD36 in foam cell formation. Small interference RNA-mediated depletion of CD36 levels reduced foam cell formation ( Figure 1C) . A large body of evidence shows that thrombin mediates its cellular signaling via activation of Pars in various cell types. 20, 21 To identify the Pars involved in thrombin-induced CD36 expression and foam cell formation, we next studied the role of Par1, Par3, and Par4. Depletion of Par1 but not Par3 or Par4 by their respective siRNAs blocked thrombin-induced CD36 expression ( Figure 1D ). Consistent with these findings, either blockade of Par1 activation by its antagonist SCH79797 20 or siRNA-mediated depletion of its levels inhibited thrombin-induced foam cell formation ( Figure 1E and 1F).
Activation of Gα12-Pyk2-Gab1 Signaling Is Required for Thrombin-Induced CD36 Expression and Foam Cell Formation
To understand how Par1 mediates the effects of thrombin on CD36 expression and foam cell formation, it is logical to study the role of G proteins because Par1 is a G protein-coupled receptor. 20, 21 Treatment with thrombin caused a rapid dissociation of Gα12 but not Gαq, Gα11, or Gα13 from PAR1, suggesting that thrombin activates Gα12 downstream to Par1 (Figure 2A ). Based on these findings, we examined the role of Gα12 in CD36 expression and foam cell formation. Downregulation of Gα12 levels by its siRNA attenuated thrombin-induced CD36 expression and foam cell formation ( Figure 2B and 2C) . Previously, we have reported that thrombin induces monocyte migration via Pyk2 activation downstream to Gα12. 30 In view of these observations, we examined the role of Pyk2 in thrombininduced CD36 expression and foam cell formation. Thrombin induced tyrosine phosphorylation of Pyk2 (Y402) with maximum effect at 1 minute ( Figure 2D ). In addition, pharmacological blockade of Pyk2 by its selective inhibitor PF431396 31 attenuated thrombin-induced CD36 expression and foam cell formation ( Figure 2E and 2F). Furthermore, inhibition of Par1 by its antagonist SCH79797 or depletion of Gα12 by its siRNA blocked thrombin-induced Pyk2 phosphorylation ( Figure 2G and 2H). Thus, these results demonstrate the involvement of Par1, Gα12, and Pyk2 signaling in thrombin-induced CD36 expression and foam cell formation. Because we have previously demonstrated that activation of Grb2-associated binder 1 (Gab1) downstream to Gα12 and Pyk2 is required for monocyte migration, 30 we next test- 
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ed its role in CD36 expression and foam cell formation. Thrombin induced tyrosine phosphorylation of Gab1 (Y627) in a time-dependent manner with maximum effect at 1 minute, and siRNA-mediated downregulation of its levels blocked thrombin-induced CD36 expression and foam cell formation ( Figure 2I through 2K) . In addition, interference with activation of Par1 or Pyk2 using their antagonists or inhibitors or depletion of Gα12 by its siRNA prevented thrombin-induced Gab1 tyrosine phosphorylation ( Figure 2L through 2N ). To ascertain The immunocomplexes were analyzed by Western blotting for Gαq, Gα11, Gα12, or Gα13 levels, and the blot was normalized to Par1. B, Cells were transfected with siControl or siGα12 (100 nmol/L), quiesced, treated with and without thrombin for 1 hour, and analyzed by Western blotting for CD36 levels, and the blot was reprobed for Gα12 or β-tubulin levels to show the effect of the siRNA on its target and off target molecules levels. C, Cells were transfected with siControl or siGα12 (100 nmol/L), quiesced, treated with and without thrombin for 4 hours, and analyzed for foam cell formation. D, Extracts of control and the indicated time periods of thrombin-treated cells were analyzed by Western blotting for pPyk2 levels, and the blot was normalized to its total levels. E, Quiescent cells were treated with and without thrombin in the presence and absence of PF431396 (5 µM) for 1 hour and analyzed by Western blotting for CD36 levels, and the blot was normalized to β-tubulin levels. F, Quiescent cells were treated with and without thrombin in the presence and absence of PF431396 for 4 hours and analyzed for foam cell formation. G, Quiescent cells were treated with and without thrombin in the presence and absence of SCH79797 (10 µM) for 1 minute and analyzed by Western blotting for pPyk2 levels, and the blot was normalized to its total levels. H, All the conditions were same as in B except that after quiescence, the cells were treated with and without thrombin for 1 minute and analyzed by Western blotting for pPyk2 levels, and the blot was reprobed for Pyk2 or Gα12 levels to show the effect of the siRNA on its (Continued ) the role of Gα12 in thrombin-induced CD36 expression and foam cell formation, we have examined for the involvement of other G proteins. Depletion of Gαq or Gα11 levels by their siRNAs had no effect on thrombininduced Pyk2 or Gab1 phosphorylation, CD36 expression, or foam cell formation ( Figure I in the online-only Data Supplement). These findings demonstrate that thrombin induces CD36 expression and foam cell formation via activation of Par1, Gα12, Pyk2, and Gab1.
Lack of a Role of p115RhoGEF, Rac1, RhoA, and Pak2 in Thrombin-Induced CD36
Expression and Foam Cell Formation
Previously, we have reported that thrombin induces monocyte migration by activation of Par1-Gα12-Pyk2-Gab1-p115RhoGEF-Rac1-RhoA-Pak2 signaling. 30 Based on these observations, we asked whether, in addition to Par1, Gα12, Pyk2, and Gab1, activation of p115Rho-GEF, Rac1, RhoA, or Pak2 is required for thrombininduced CD36 expression and foam cell formation. Consistent with our previous observations, thrombin induced p115RhoGEF, Rac1, RhoA, and Pak2 activation as measured by their tyrosine or serine/threonine phosphorylation or pull-down assay ( Figure 3A ). In lieu of these observations, we next tested their role in thrombin-induced CD36 expression and foam cell formation. Depletion of p115RhoGEF, Rac1, RhoA, or Pak2 had no effect on thrombin-induced CD36 expression and foam cell formation ( Figure 3B through 3I). These findings infer that, although Par1, Gα12, Pyk2, and Gab1 activation is required for thrombin-induced CD36 expression Figure 2 Continued. target and off target molecules levels. I, Extracts of control and the indicated time periods of thrombin-treated cells were analyzed by Western blotting for pGab1 levels, and the blot was normalized to its total levels. J and K, Cells were transfected with siControl or siGab1 (100 nmol/L), quiesced, treated with and without thrombin for 1 hour or 4 hours, and analyzed for CD36 levels and foam cell formation, respectively. The CD36 blot was reprobed for Gab1 or β-tubulin levels to show the effect of the siRNA on its target and off target molecules levels. L, Quiescent cells were treated with and without thrombin in the presence and absence of SCH79797 (10 µM) for 1 minute and analyzed by Western blotting for pGab1 levels, and the blot was normalized to its total levels. M, Cells were transfected with siControl or siGα12 (100 nmol/L), quiesced, treated with and without thrombin for 1 minute, and analyzed for pGab1 levels, and the blot was reprobed for Gab1 or Gα12 levels to show the effect of the siRNA on its target and off target molecules levels. N, Quiescent cells were treated with and without thrombin in the presence and absence of PF431396 (5 µM) for 1 minute and analyzed for pGab1 levels, and the blot was normalized for its total levels. The bar graphs represent mean±SD values of three experiments. Par indicates protease-activated receptor. *P<0.05 versus control or siControl; **P<0.05 versus thrombin or siControl + thrombin. Scale bar is 50 μm. A, Equal amounts of protein from control and the indicated time periods of thrombin-treated cells were immunoprecipitated with anti-p115 RhoGEF or antiPak2 antibodies, and immunocomplexes were analyzed by Western blotting using anti-PY20 or anti-pSer/Thr antibodies, respectively. For GTP-Rac1 or GTP-RhoA levels, equal amounts of protein from control and the indicated time periods of thrombin-treated cells were incubated with GST-Pak1 or GST-Rhotekin-conjugated glutathione sepharose 4B beads, and the pull-down proteins were analyzed by Western blotting for Rac1 and RhoA levels, respectively. The same cell extracts were also analyzed by Western blotting for total Rac1 and RhoA levels. B and C, Cells were transfected with siControl or sip115 RhoGEF(100 nmol/L), quiesced, treated with and without thrombin for 1 hour or 4 hours, and analyzed for CD36 expression and foam cell formation, respectively. The CD36 blot was reprobed for p115 RhoGEF or β-tubulin levels to show the effect of the siRNA on its target and off target molecules levels. D and E, Cells were transfected with siControl or siRac1 (100 nmol/L), quiesced, treated with and without thrombin for 1 hour or 4 hours, and analyzed for CD36 levels and foam cell formation, respectively. The CD36 blot was reprobed for Rac1 or β-tubulin to show the effect of the siRNA on its target and off target molecules levels. F and G, Cells were transfected with siControl or siRhoA (100 nmol/L), quiesced, treated with and without thrombin for 1 hour or 4 hours, and analyzed for CD36 levels and foam cell formation, respectively. (Continued ) 
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and foam cell formation, the activation of p115RhoGEF, Rac1, RhoA, or Pak2 was not needed for these effects.
PKCθ Mediates Thrombin-Induced CD36 Expression and Foam Cell Formation
Because many reports have shown a role for various PKC isozymes in CD36 expression, 32 we examined the role of PKCs in thrombin-induced CD36 expression and foam cell formation. While having no major effects on PKCγ (T514), ε, η, and ζ (T410/403), thrombin activated PKCα/βII (T638/641), δ (T505), and θ (T538) in a time-dependent manner in RAW264.7 cells ( Figure 4A ). However, because activation of PKCθ precedes CD36 expression, we speculated a possible role for this PKC isozyme in thrombin-induced CD36 expression and foam cell formation. Indeed, downregulation of PKCθ by its siRNA substantially blocked thrombin-induced CD36 expression and foam cell formation ( Figure 4B and 4C). To find the upstream mechanisms of its activation, we tested the role of Par1, Gα12, Pyk2, and Gab1. As shown in Figure 4D through 4G, pharmacological interference with Par1 or Pyk2 activation or siRNA-mediated depletion of Gα12 or Gab1 levels blocked thrombin-induced PKCθ phosphorylation ( Figure 4D through 4G ). Together these results infer that thrombin-induced CD36 expression and foam cell formation depends on Par1, Gα12, Pyk2, and Gab1-dependent PKCθ activation.
ATF2 Activation Downstream to PAR1, Gα12, Pyk2 Gab1, and PKCθ Is Essential for Thrombin-Induced CD36 Expression and Foam Cell Formation
Previous studies have shown that PPARγ plays a role in CD36 expression. 12 To find whether thrombin-induced CD36 expression requires PPARγ, we tested the time course effect of thrombin on PPARγ activation. Thrombin had no effect on either the steady-state levels or phosphorylation or acetylation of PPARγ ( Figure 5A ). This finding may indicate a lack of a role for PPARγ in thrombin-induced CD36 expression. Some reports showed that oxLDL induces CD36 expression via c-Jun N-terminal kinase-mediated phosphorylation of activating transcription factor 2 (ATF2), a leucine zipper transcriptional factor. 33 Because not much is known about the role of ATF2 in CD36 expression and foam cell formation and its activation depends on its serine phosphorylation, we hypothesized that thrombin could induce CD36 expression through activation of ATF2. Indeed, our results show that thrombin stimulates ATF2 phosphorylation (T71) in a time-dependent manner ( Figure 5B ). Furthermore, siRNA-mediated downregulation of ATF2 levels suppressed thrombin-induced CD36 expression and foam cell formation ( Figure 5C and 5D ). In addition, inhibition of either Par1 or Pyk2 or depletion of Gα12, Gab1, or PKCθ levels attenuated thrombin-induced ATF2 phosphorylation ( Figure 5E through 5I). To confirm the role of Par1 in thrombin-induced Pyk2, Gab1, PKCθ, and ATF2 activation, CD36 expression, and foam cell formation, we tested the effect of Par1 activating peptide TFLLRN. Indeed, TFLLRN stimulated Pyk2, Gab1, PKCθ, and ATF2 phosphorylation, CD36 expression, and foam cell formation ( Figure II in the online-only Data Supplement). These results further substantiate the role of Par1 in thrombin-induced CD36 expression and foam cell formation. To identify the regulatory elements through which thrombin induces CD36 expression, we cloned a 0.8 kb region of CD36 promoter and, by applying TRANSFAC analysis, identified 1 putative ATF2 binding site at −100 nt from the transcription start site ( Figure 5J) . Furthermore, the promoter-luciferase reporter gene assays indicated that thrombin induces CD36 promoter activity, and site-directed mutagenesis of the ATF2-binding site at −100 nt (from TGACCTCT to TGATATTT; mutations were shown in bold letters) blunts this effect ( Figure 5K and 5L). In addition, interference with Par1 or Pyk2 activation or depletion of Gab1, PKCθ, or ATF2 levels reduced thrombin-induced CD36 promoter activity ( Figure 5M  and 5N ). The EMSA, supershift EMSA, and ChIP assays further revealed that ATF2 binds to CD36 promoter in response to thrombin ( Figure 5O through 5Q ). To confirm our observations on the effects of thrombin in RAW264.7 cells, we also studied its effects on PKCθ and ATF2 phosphorylation and CD36 expression in primary peritoneal macrophages of C57BL/6 mice. Thrombin induced PKCθ and ATF2 phosphorylation and CD36 expression robustly in these cells as well ( Figure 5R ).
PKCθ Plays an Essential Role in DietInduced Atherosclerosis
To test the role of PKCθ in atherosclerosis, we cross-bred A, Equal amounts of protein from control and the indicated time periods of thrombin-treated cells were analyzed for phosphorylation of the indicated PKC isoform by either Western blotting using their phosphospecific antibodies or immunoprecipitation with pSer/Thr antibody, followed by immunoblotting with the indicated PKC isoform antibody. B and C. Cells were transfected with siControl or siPKCθ siRNA, quiesced, treated with and without thrombin for 1 hour or 4 hours, and analyzed for CD36 levels and foam cell formation. The CD36 blot was reprobed for PKCθ and β-tubulin to show the effect of the siRNA on its target and off target molecules levels. D and F, Quiescent cells were treated with and without thrombin in the presence and absence of SCH79797 (10 µM) or PF431396 (5 µM) for 1 hour and analyzed by Western blotting for pPKCθ and normalized to its total levels. E and G, Cells were transfected with siControl or siGα12 siRNA, quiesced, treated with and without thrombin for 1 hour, and analyzed for pPKCθ and the blots were reprobed for PKCθ, Gα12, or Gab1 levels to show the effects of the siRNAs on their target and off target molecules levels. Figure 5 . Par1, Gα12, Pyk2, Gab1, PKCθ, and ATF2 mediate thrombin-induced CD36 promoter activity. A, Equal amounts of protein from control and the indicated time periods of thrombin-treated cells were immunoprecipitated with anti-PPARγ antibodies, and the resulting immunocomplexes were analyzed by Western blotting for pSer/Thr or acetyl lysine antibodies, and the blot was normalized to PPARγ levels. B, Equal amounts of protein from control and the indicated time periods of thrombin-treated cells were analyzed by Western blotting for pATF2 levels, and the blot was normalized to its total levels. C and D, Cells were transfected with siControl or siATF2 (100 nmol/L), quiesced, treated with and without thrombin for 1 hour or 4 hours, and analyzed for CD36 levels and foam cell formation. The CD36 blot was reprobed for ATF2 and β-tubulin levels to show the effect of the siRNA on its target and off target molecules levels. E and G, Quiescent cells were treated with and without thrombin in the presence and absence of SCH79797 (10 µM) or PF431396 (5 µM) for 1 hour and analyzed by Western blotting for pATF2 levels and normalized to its total levels. F, H, and I, Cells were transfected with siControl, siGα12, siGab1, or siPKCθ (100 nmol/L), quiesced, treated with and without thrombin, and analyzed by Western blotting for pATF2 levels. The blots were reprobed for ATF2, Gα12, Gab1, or PKCθ to show the effects of the siRNAs on their target and off target molecules levels. J, CD36 promoter encompassing from −662 nt to +147 nt was cloned, sequenced, and analyzed by TRANSFAC for transcriptional factors binding elements. Figure 6A ). The percentage of plaque area in the aortic roots of WD-fed ApoE −/− :PKCθ −/− mice was also decreased significantly as compared with ApoE −/− mice ( Figure 6B ). To validate the role of PKCθ in CD36 expression in vivo and to test the role of Par1-dependent Gα12-mediated Pyk2, Gab1, PKCθ, and ATF2 signaling activation on these effects, we studied the influence of diet on the stimulation of this signaling cascade in the primary peritoneal macrophages of ApoE −/− and ApoE −/− :PKCθ −/− mice. We found that Pyk2 and Gab1 were activated in the primary peritoneal macrophages of WD-fed ApoE −/− and ApoE −/− :PKCθ −/− mice as compared with CD-fed ApoE −/− mice ( Figure 6C ). However, ATF2 activation and CD36 expression were seen only in WD-fed ApoE −/− mice but not ApoE −/− :PKCθ −/− mice as compared with CD-fed ApoE −/− mice ( Figure 6C ). To obtain additional lines of evidence, we also studied the effects of thrombin on the activation of Par1, Gα12, Pyk2, Gab1, PKCθ, and ATF2 leading to CD36 expression and foam cell formation in the primary peritoneal macrophages of ApoE −/− versus ApoE −/− :PKCθ −/− mice ex vivo. The time course results showed that throm- Continued. encompassing from −662 nt to +147 nt was cloned into pGL3 vector, and the RAW264.7 cells were transfected with the empty vector or pGL3-mCD36 promoter plasmids, growth-arrested, and treated with and without thrombin for 6 hours, and the luciferase activity was measured. L, The RAW264.7 cells were transfected with empty vector, pGL3-mCD36, or pGL3-mCD36m (mutant for ATF2-binding site) plasmids, growth-arrested, and treated with and without thrombin for 6 hours, and the luciferase activity was measured. M, All the conditions were the same as in K except that after transfection and quiescence, cells were treated with and without thrombin in the presence and absence of SCH79797 (10 μM) and PF431396 (5 μM) for 6 hours, and the luciferase activity was measured. N, All the conditions were the same as in K except that after transfection with the plasmids, cells were again transfected with siGab1, siPKCθ, or siATF2 (100 nmol/L), quiesced, treated with and without thrombin for 6 hours, and analyzed for luciferase activity. O, Nuclear extracts of control and various time periods of thrombin-treated cells were analyzed by EMSA for ATF2 binding using ATF2 binding site at −100 nt as a biotin-labeled oligonucleotide probe. P, Nuclear extracts of control and thrombin-treated cells were analyzed for the presence of ATF2 in the protein-DNA complexes by supershift EMSA. Q, Control and thrombin-treated cells were analyzed for ATF2 binding to CD36 promoter by ChIP assay. R, Primary peritoneal macrophages from wild-type (WT) mice were treated with and without thrombin for the indicated time periods, analyzed by Western blotting for pPKCθ, pATF2, or CD36 levels, and normalized to their total levels or β-tubulin. :PKCθ −/− mice fed with CD or WD for 16 weeks were analyzed by Western blotting for pPyk2, pGab1, pPKCθ, pATF2, and CD36 levels, and the blots were normalized to their total levels. The CD36 blot was normalized to β-tubulin. D, The peritoneal macrophages isolated from ApoE −/− and ApoE −/− :PKCθ −/− mice were treated with and without thrombin for the indicated time periods and analyzed by Western blotting for pPyk2, pGab1, pPKCθ, pPKCα/βII, pATF2, and CD36 levels, and the blots were normalized to their total levels. The CD36 blot was normalized to β-tubulin. For Gα12 activation, the cell extracts were immunoprecipitated with anti-Par1 antibodies, the immunocomplexes were analyzed by Western blotting for Gα12 levels, and the blot was normalized to Par1 levels. E, The macrophages from ApoE −/− and ApoE ORIGINAL RESEARCH ARTICLE bin induces Gα12 dissociation from Par1, activates Pyk2, Gab1, PKCθ, and ATF2 as measured by their phosphorylation, and induces CD36 expression in the primary peritoneal macrophages of ApoE −/− mice (Figure 6D) . In contrast, while stimulating the dissociation of Gα12 from Par1 and increasing the phosphorylation of Pyk2 and Gab1, thrombin had no effect on PKCθ or ATF2 phosphorylation or CD36 expression in the primary peritoneal macrophages of ApoE −/− :PKCθ −/− mice ( Figure 6D ). Because thrombin stimulated PKCα/βII in Raw264.7 cells, we wanted to determine whether this PKC isozyme plays a compensatory role for the loss of PKCθ. Thrombin stimulated PKCα/βII in the primary peritoneal macrophages of both ApoE −/− and ApoE −/− :PKCθ −/− mice to a similar extent, suggesting no compensatory role for it ( Figure 6D ). In line with these Figure 6E ). To link ATF2 activation to CD36 expression and foam cell formation, we used the siRNA approach. Depletion of ATF2 levels substantially reduced CD36 expression and foam cell formation in peritoneal macrophages of ApoE −/− mice ( Figure 6F ). To understand whether ATF2 modulates macrophage proliferation in the development of atherosclerosis, we tested the effect of ATF2 depletion on macrophage growth. Depletion of ATF2 had no effect on macrophage proliferation ( Figure 6G) Figure 6H ). These observations correlate with our in vitro results and confirm that thrombin-induced CD36 expression and foam cell formation occur via Par1-Gα12-Pyk2-Gab1-PKCθ-mediated activation of ATF2. Because smooth muscle cells (SMCs) also play a role in foam cell formation during atherogenesis, [10] [11] [12] we asked whether thrombin triggers a similar signaling axis of CD36 expression in these cells. It is indeed exciting to find that thrombin induces PKCθ and ATF2 phosphorylation as well as CD36 expression in SMCs isolated from ApoE −/− but not ApoE −/− :PKCθ −/− mice ( Figure 6I ).
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PKCθ Skews Monocyte Differentiation Toward Ly6C hi Phenotype and Enhances Foam Cell Formation
Because atherosclerotic lesions were reduced in the aortic root and aorta of WD-fed ApoE Figure 7A through 7D ). Because macrophages, by taking up modified LDL, become foam cells and lipid-laden foam cell accumulation is a hallmark of atherosclerosis, 11, 12 we wanted to find which of these monocytes possess such capacity. It is interesting to note that Ly6C hi monocytes were found to express substantially higher levels of CD36 and possess more capacity to form foam cells as compared with Ly6C lo cells ( Figure 7E ). To find whether genetic deletion of PKCθ affects the balance between pro and anti-inflammatory cytokine levels, we measured plasma cytokine levels in WD-fed ApoE −/− and ApoE 
DISCUSSION
A large body of evidence shows that atherosclerotic events are triggered by the disparity between cholesterol metabolism and inflammatory response, leading to an accumulation of lipid-loaded macrophages and SMCs in the arterial wall. [34] [35] [36] Among the many cell types such as dendritic cells, lymphocytes, monocytes, and SMCs present in atherosclerotic plaques, monocyte-derived macrophages and SMCs are of immense importance because of their ability to become cholesterol-laden foam cells, which is the major contributing factor of atherosclerosis. 37 Scavenger receptors such as CD36, SR-A1, and SR-B1 have been shown to play a crucial role in oxLDL uptake and foam cell formation in rodent atherosclerotic models. 38, 39 Thrombin, which is a major platelet activator, has been shown to contribute to atherogenesis in a platelet-independent manner, although the underlying mechanisms were not known. 40 Previous studies from our laboratory have shown that thrombin modulates monocyte and SMC migration via activation of Par1-Gα12-Pyk2-Gab1-p115RhoGEF-Rac1-RhoA and Pak2/Pak1 signaling. 30, 41 In this study, we found that thrombin selectively induces CD36 expression and facilitates foam cell formation of RAW264.7 cells through the activation of Par1-Gα12-Pyk2-Gab1 signaling. It is 
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interesting to note that thrombin-induced CD36 expression and foam cell formation were not affected when p115RhoGEF, Rac1, RhoA, or Pak2 levels were depleted, suggesting a lack of a role for these molecules in CD36 expression and foam cell formation. These results may infer that, although thrombin-induced CD36 expression and foam cell formation require Par1-Gα12-Pyk2-Gab1 signaling, activation of p115RhoGEF, Rac1, RhoA, or Pak2 is not essential. It also infers that thrombin-induced CD36 expression and foam cell formation diverge at the level of Gab1, which is an adopter molecule. 42 Previous studies have shown that tumor necrosis factor α inhibits cholesterol efflux via downregulation of ABCA1, ABCG1, and LXRα and upregulation of CD36 and SR-A expression through activation of PKCθ. 43 In addition, it has been shown that the inhibition of PKC signaling by PKC inhibitory peptides or siRNA for PKCα and PKCβ but not PKCδ, PKCɛ, or PKCθ results in the secretion of ApoE and clearance of the triglyceride-rich lipoprotein, as well as cholesterol efflux from foam cells. 44 Thus, differential roles of PKCs in atherosclerosis were reported. In this regard, our results show that thrombin activates PKCθ in mediating CD36 expression and foam cell formation. More important, the inhibition of Par1, Gα12, Pyk2, or Gab1 led to downregulation of PKCθ activation. Taken together, these results suggest that PKCθ acts downstream to Par1-Gα12-Pyk2-Gab1 signaling in CD36 expression and foam cell formation. Our results further reveal that thrombin-induced CD36 expression and foam cell formation require ATF2 activation downstream to PKCθ in both RAW264.7 cells and primary peritoneal macrophages of wild-type mice. It is interesting to note that ATF2 appears to be essential for CD36 expression and foam cell formation because mutation of its binding element at −100 nt in CD36 promoter almost completely abolished CD36 promoter activity. To confirm the role of PKCθ-ATF2 axis in CD36 expression and foam cell formation in vivo, we observed decreased plaque burden in ApoE −/− :PKCθ −/− mice as compared with ApoE −/− mice fed with WD. We also found that, although thrombin activates Gα12, Pyk2, and Gab1 in peritoneal macrophages of both ApoE −/− and ApoE −/− :PKCθ −/− mice, it had no effect on ATF2 phosphorylation and CD36 expression in ApoE −/− :PKCθ −/− mice. In addition, depletion of ATF2 levels attenuated thrombin-induced CD36 expression and foam cell formation in primary peritoneal macrophages of ApoE −/− mice. The role of PKCθ-ATF2 signaling axis in CD36 expression and foam cell formation appears to be a predominant mechanism in G proteincoupled receptor signaling-mediated foam cell formation because thrombin activated this signaling axis in the SMCs of ApoE −/− mice but not in ApoE −/− :PKCθ −/− mice. These results conclude that ATF2 is the effector molecule of PKCθ in the regulation of CD36 expression and foam cell formation in both macrophages and SMCs. Because plasma triglyceride levels were significantly lower in ApoE −/− :PKCθ −/− mice as compared with ApoE −/− mice fed with CD or WD, it is likely that, besides its role in WD-induced CD36 expression and foam cell formation, PKCθ may also be involved in the modulation of plasma triglyceride levels.
A growing body of evidence demonstrates that, in addition to macrophage numbers, an altered phenotype of macrophages toward inflammatory lineage is associated with the progression of atherosclerosis in animal models. [45] [46] [47] We found that monocytes isolated from the peripheral blood and aorta of ApoE −/− :PKCθ −/− mice mostly were of the Ly6C lo phenotype, whereas the monocytes from ApoE −/− mice were predominantly of the Ly6C hi phenotype. These findings reveal that PKCθ could enhance inflammation in response to WD feeding and thereby influence atherogenesis because Ly6C hi monocytes are linked to disease progression and Ly6C lo monocytes are associated with disease regression. 45, 48 Indeed, our present findings also reveal that Ly6C hi monocytes express more levels of CD36 expression and possess a higher capacity to form foam cells than Ly6C lo monocytes. Thus, we show for the first time that PKCθ via mediating CD36 expression, thereby increasing the capacity of macrophages to form foam cells, plays a crucial role in atherosclerosis. Previous studies have shown that the deletion of PKCθ improves insulin sensitivity. 49 Because diabetes mellitus is a risk factor for cardiovascular diseases, 28 it is possible that PKCθ could be a common signaling molecule involved in both diabetes mellitus and atherosclerosis. Therefore, PKCθ could be a potential target for the development of therapeutics against atherosclerosis. In addition, emerging evidence reveals a role for thrombin in the modulation of nonhemostatic effects such as inflammation and that it exerts a critical axis in the development of atherosclerosis, 22, 23 although there is no proof of evidence for its involvement in atherosclerosis. In this regard, the present findings also provide the first evidence for the possible role of thrombin and perhaps its receptor Par1 and its downstream signaling in foam cell formation and atherosclerosis. The possibility may also exist that thrombin could influence foam cell formation and thereby atherogenesis not only by enhancing the uptake of modified LDL but also by decreasing the cholesterol efflux. The increased generation of thrombin during the early development of atherosclerosis in animal models 50 further lends support for its role in diet-induced atherogenesis.
ARTICLE INFORMATION
Received January 31, 2018; accepted June 22, 2018.
The online-only Data Supplement is available with this article at https://www. ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.118.034083.
